We report hydrogen deuterium exchange by mass spectrometry (HDX-MS) as a function of temperature in a thermophilic dihydrofolate reductase from Bacillus stearothermophilus (Bs-DHFR). Protein stability, probed with circular dichroism, established an accessible temperature range of 10°C to 55°C for the interrogation of HDX-MS. Although both the rate and extent of HDX are sensitive to temperature, the majority of peptides showed rapid kinetics of exchange, allowing us to focus on plateau values for the maximal extent of exchange at each temperature. Arrhenius plots of the ratio of hydrogens exchanged at 5 h normalized to the number of exchangeable hydrogens vs. 1∕T provides an estimate for the apparent enthalpic change of local unfolding, ΔH°u nfðavgÞ . Most regions in the enzyme show ΔH°u nfðavgÞ ≤ 2.0 kcal∕mol, close to the value of kT; by contrast, significantly elevated values for ΔH°u nfðavgÞ are observed in regions within the core of protein that contain the cofactor and substrate-binding sites. Our technique introduces a new strategy for probing the temperature dependence of local protein unfolding within native proteins. These findings are discussed in the context of the demonstrated role for nuclear tunneling in hydride transfer from NADPH to dihydrofolate, and relate the observed enthalpic changes to two classes of motion, preorganization and reorganization, that have been proposed to control the efficiency of hydrogenic wave function overlap. Our findings suggest that the enthalpic contribution to the heavy atom environmental reorganizations controlling the hydrogenic wave function overlap will be dominated by regions of the protein proximal to the bound cofactor and substrate. dihydrofolate reductase | hydrogen deuterium exchange | hydrogen tunneling | protein dynamics | thermophilic protein
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ihydrofolate reductase (5,6,7,8-tetrahydrofolate : NADP þ oxidoreductase, EC 1.5.1.3) (DHFR) is a ubiquitous enzyme found in prokaryotes and eukaryotes. It catalyzes the stereospecific transfer of a hydride ion from NADPH cofactor to 7,8-dihydrofolate (DHF) to yield 5,6,7,8-tetrahydrofolate (THF) and oxidized nicotinamide adenine dinucleotide phosphate (NADP þ ). DHFR is the only source of THF, a one-carbon donor/acceptor unit vital in the biosynthesis of purines, pyrimidines, and amino acids (1). DHFR's role in maintaining the cellular pools of THF has been exploited in the development of pharmacological targets that inhibit cell growth and proliferation by disrupting DNA synthesis (e.g. anticancer and antibacterial agents) (e.g., refs. 2-4).
The best-studied DHFR is from Escherichia coli (Ec-DHFR), where studies of the hydride transfer step have established the size and temperature dependence of the intrinsic deuterium kinetic isotope effect (KIE) (5, 6) . Elegant NMR (7) (8) (9) and FRET (10, 11) experiments have further implicated loop closures in catalysis (12) , as well as the sampling of higher energy protein substates within each catalytic complex that are characteristic of downstream chemical complexes (13) . In a previous study, we presented the kinetic and structural properties of a homologous, monomeric, thermophilic DHFR from Bacillus stearothermophilus (Bs-DHFR) (14) , with the goal of comparing its kinetic and dynamical properties to the canonical Ec-DHFR. The ability to access a larger temperature range using a thermophilic variant of DHFR is a distinctive advantage when interrogating the temperature dependence of the hydride transfer step and its relationship to protein motions.
The hydride transfer reaction catalyzed by Ec-DHFR shows a presteady state rate constant of 220 s −1 at neutral pH and 25°C and rate-limiting product release (12 s −1 ) (15) . The faster rate of hydride transfer is consistent with a steady state deuterium KIE of unity, emphasizing the importance of presteady state studies to characterize the H-transfer step at this pH. Stopped-flow studies have provided a deuterium (H/D) KIE of 2.9 at pH 7, 25°C, whereas a comparison of H/Tand D/T KIEs at the same temperature indicated an intrinsic KIE of 3.5 AE 0.2 (5). Tunneling has been established for Ec-DHFR from the observation that Arrhenius prefactor isotope effects greatly exceed semiclassical limits, with reported values for A H ∕A D ¼ 4.0ð1.5Þ (5) . These parameters, together with energy of activation estimates of 3.7-5.6 kcal∕mol (5, 6), implicate a tunneling mechanism that is controlled by the heavy atom motions of the protein.
Perhaps not unexpectedly, based on reported comparisons of other homologous classes of mesophilic and thermophilic proteins (e.g., refs. 16-18), X-ray structures for the Ec-and Bs-DHFRs are nearly identical (14) . Stopped-flow studies of the chemical step in Bs-DHFR as a function of temperature yielded an enthalpy of activation of 5.5 kcal∕mol and an inverse A H ∕A D ratio of 0.57; i.e., an increased temperature dependence of the KIE compared to Ec-DHFR. Though both proteins have been concluded to use a tunneling mechanism for hydride transfer, the value of A H ∕A D for Bs-DHFR is closer to low activity mutants of Ec-DHFR (6, 19) implicating a less optimized active site in the thermophilic enzyme. In light of the high structural similarity between Ec-and Bs-DHFRs, we hypothesize that their observed kinetic differences are likely to arise from subtle differences in protein dynamics.
Hydrogen/deuterium exchange (HDX) offers an excellent probe of the impact of extrinsic parameters on protein flexibility (20, 21) , in particular under conditions of EX-2 exchange, which reflects the transient equilibration between closed and open forms of a protein within its native folded structure. Whereas studies have been carried out on native proteins by NMR (22, 23) , the use of HDX coupled to mass spectrometric analysis of protein-derived peptides provides complementary information (24) . Here, we use hydrogen exchange by mass spectrometry (HDX-MS) to examine protein-breathing motions within segments of Bs-DHFR as a function of temperature. A major finding is that the majority of Bs-DHFR undergoes a local unfolding with small enthalpies of activation that are close to the value of kT; the only regions that show elevated enthalpic barriers are those that bridge the cofactor and substrate-binding sites. These results are relevant to the two classes of protein motion, preorganization and reorganization, that have been proposed to control wave function overlap in enzymatic H-tunneling processes (25, 26) .
Results
Sequence Coverage of Bs-DHFR. Eleven peptides were identified after pepsin proteolysis of Bs-DHFR (Table S1 ), ranging in length between 7 and 20 residues with an average length of 13 residues, and accounting for 91% coverage of the primary sequence. The peptides are annotated onto the primary sequence and mapped onto the X-ray crystal structure of Bs-DHFR in Fig. 1 A and B.
Thermal Stability of Bs-DHFR. Circular dichroism (CD) experiments performed on Bs-DHFR in D 2 O indicated complete stability at 10°C for up to 4 h, but significant unfolding after 11 min at 65°C ( Fig. S1 A and B) . Thermal stability was further examined by monitoring the CD spectrum at 222 nm between 10°C and 95°C (Fig. S1C) . Signals between 20-60°C and 75-95°C represent native and unfolded states, respectively, whereas the region between 60-75°C highlights cooperative protein unfolding. A melting temperature of 67°C was estimated from the transition midpoint, revealing enhanced stability compared to Ec-DHFR whose melting temperature was reported as ca. 50°C (27) . In this manner, 55°C was established as the upper temperature limit for extended incubation of Bs-DHFR in D 2 O for HDX-MS experiments. The lower temperature limit was 10°C, to avoid freezing of D 2 O and the possibility of protein cold denaturation.
Time and Temperature Dependence for HDX in Bs-DHFR. Bs-DHFR was incubated in D 2 O between 0 and 5 h at varying temperatures (10, 25, 35, 40, 50, 55°C) and HDX measurements were made on eleven peptides. Table S2 summarizes the peptides, the maximal number of exchangeable amides (N ∞ ), and the observed deuteration after 10 s and 300 min, at 10°C and 55°C. Primary mass spectra are shown for the example of peptide 3 at 10°C and 55°C (Fig. S2) , illustrating the increased weighted average mass as a function of time of HDX. Similar data quality was observed for all Bs-DHFR-derived peptides, and no peptide showed any evidence of bimodal patterns that would be indicative of global protein unfolding.
We define the fractional deuteration as (N T;t ∕N ∞ ) where N T;t equals the number of deuterons detected in each peptide at temperature T and time t, and N ∞ equals the number of exchangeable amides that should be deuterated at infinite time. From the fractional deuteration (parentheses in Table S2 ) we calculate the values averaged over all peptides at 10°C and 55°C. At 10 s, the averaged fractional deuteration across the protein was 28% at 10°C, increasing to 44% at 55°C. At 300 min, the averaged deuteration was 62% at 10°C increasing to 87% at 55°C. In contrast, HDX measurements of full-length apo Ec-DHFR showed deuteration at 85% of amides by 30 min at 15°C (28) . Thus, it is clear that in Bs-DHFR, the temperature must be elevated to 55°C to approach the HDX behavior seen in Ec-DHFR at 15°C, indicating the lower conformational mobility for the Bs-DHFR at equivalent temperatures.
DHFR consists of two subdomains (adenosine-binding subdomain and loop subdomain), each of which behaves as a rigid body. The adenosine-binding subdomain is formed from strands βB, βC, βD, and βE and helices αC and αE with the intervening CD loop, and provides the binding site for the adenosine moiety of the cofactor NADPH (Fig. 1C) . The loop subdomain consists of strands βA, βF, βG, and βH and helices αB and αF with loops M20, FG, and GH. The nicotinamide moiety of cofactor binds to a deep pocket formed by αF, βA, and M20, whereas the pteridine ring of DHF/THF interacts with residues in a cleft formed by αB, αC, and βA. Thus, strand βA bridges the cofactor and substrate, bringing these reactants in close proximity to allow hydride transfer via nuclear tunneling (Fig. 1C ). Much structural evidence shows that the M20 loop adopts open, closed, and occluded conformations, respectively associated with cofactor binding, catalysis, and product release (8, 9, 29) . Thus, the dynamics of the M20 loop is associated with catalytic turnover, and its closed conformation in the ternary complex, which shields reactants from solvent, is stabilized by interactions with FG loop residues.
Time courses for HDX at each temperature are presented in Fig. 2 , and fitted by nonlinear least squares to a two-exponential equation (see Eq. S3 in SI Text) to determine best fit parameters [A, k 1 , B, k 2 (Table S3) ]. Due to the rapidity of exchange, the values for k 1 and k 2 appear random, whereas the applitudes A and B indicate a regular trend. Deuteration, which plateaued at 5 h in all cases, was used to determine the extent of HDX in localized regions of the protein (Table S2 ) and mapped against the backbone structure of Bs-DHFR (Fig. 3 ). At 10°C (Fig. 3A) , extensive HDX was observed throughout the adenosine-binding subdomain including the CD loop (peptides 4-6), reaching 80-91% deuteration. Extensive HDX was also observed in helix αB (peptide 3), which normally is associated with rigid body movements in the loop subdomain. Thus, the entire adenosine-binding subdomain and the αB helix of the loop subdomain are highly accessible to exchange with solvent, suggesting significant backbone flexibility within secondary structure elements in these regions. The remainder of the loop subdomain showed lower HDX, reaching 37-66% at 5 h, 10°C. This included surface loops M20, FG and GH (peptides 2, 9, 10), which in X-ray structures show high exposure to solvent. The significant protection from exchange in the loop subdomain suggests interactions within the secondary structures that confer local rigidity in the absence of bound substrates. Finally, pronounced protection from HDX was observed in the βA strand (peptide 1), which reached <10% deuteration after 5 h at 10°C, consistent with its location within the protein core. Taken together, the findings show that βA forms a solvent-inaccessible core and suggest that the conformational mobility of helix αB is linked more closely to the adenosinebinding subdomain, despite its structural association with the loop subdomain. The effect of temperature on the HDX behavior of Bs-DHFR was next evaluated over different regions of the enzyme. The extent of hydrogen exchange increased throughout the molecule with temperature, reaching 90-100% at 55°C in the adenosinebinding subdomain and αB (peptides 3-6), as well as the loop between αF-βF and strand βH in the loop subdomain (peptides 8, 11) (Fig. 3B) . In other parts of the loop subdomain, deuteration reached submaximal levels of 66-80% (peptides 1, 2, 7, 9, 10). Deuteration of peptides 1 and 8 increased by 3-fold or more between 10°C and 55°C, whereas temperature had much lower effects on the rest of the molecule (peptides 2, 4, 7, 9, 10, and 11). Effects of temperature on peptides 3, 5, and 6 were difficult to evaluate due to limitations in dynamic range, because these reached near maximal deuteration at the lowest temperatures.
Taken together, the results revealed distinct variations in temperature effects in different regions of Bs-DHFR, indicating regional differences in the enthalpy of hydrogen exchange. 
Raising the temperature would be expected to increase both K open and k exch , with previous studies indicating a ΔH ‡ for k exch of ca. 17 kcal∕mol (20) . Because K open is quite unfavorable, with an anticipated ΔH°that is positive, the net ΔH ‡ for k obs is anticipated to be in excess of 17 kcal∕mol. Such an analysis can be applied either to individual residues, via NMR, or to the aggregate of the residues within a given region of protein via HDX-MS. Importantly, these individual analyses of HDX assume the same physical state for E open , with temperature affecting K open and k exch , but not the nature of E open .
Our data, however, reveal an additional process that leads to measurable changes in the structure of E open . In virtually every instance, the time courses reached distinctive plateau values at 5 h, implying populated states with different endpoints for deuterium exchange at different temperatures. Such behavior was To analyze this behavior, we defined an apparent ΔH°u nfðavgÞ for local unfolding, which represents the average property of the ΔH°u nf at each site within a given peptide. For a peptide of length i amino acids, each residue provides an energetic contribution to ΔH°u nf with the total apparent enthalpy of a peptide defined as shown in Eq. 2 where n i represents the amide hydrogen that exchanges at residue i and n T is the sum of all n's from n 1 to n i *:
The magnitude of the observed enthalpy ΔH°u nfðavgÞ for a given peptide will reflect the behavior of its component residues. For instance, if a peptide is composed of residues that are almost completely exposed to solvent within each excursion from E closed to E open , the in-exchange at various temperatures will increase, but converge toward a similar value. On the other hand, if a peptide is in a folded or structurally stable region, only a fraction of its residues will display in-exchange at very long times within a given temperature regime. As the degree of local unfolding increases with temperature, a new and distinct value for maximal in-exchange becomes apparent, reflecting the disruption of a greater number of interactions within the region of the protein that is being monitored in the representative, isolated peptides.
To estimate values for ΔH°u nfðavgÞ among the various peptides of Bs-DHFR, we first normalized the observed number of exchanged amide hydrogens to the total exchangeable amides, yielding N t¼300 min ∕N ∞ . Plots of ln (N t¼300 min ∕N ∞ ) as a function of 1∕Temperature (K −1 ) for each of the peptides are given in Fig. 4 . Two classes of behavior were discerned in which the majority of the peptides (2-7, 9-11) showed relatively small changes in deuteration. For most peptides values for ΔH°u nfðavgÞ were <2 kcal∕mol (Fig. 4 and Table S4 ), in comparison to an energy of ca. 0.7 kcal∕mol at the functional temperature (ca. 70°C) for B. stearothermophilus (14) . Peptides 10 and 11 are represented by somewhat elevated values for ΔH°u nfðavgÞ , with an average value of 2 kcal∕mol. For peptides 3, 5, and 6, the slope was clearly low but the high degree of error precluded accurate measurements. The implication is that regions in the adenosinebinding subdomain and most of the loop subdomain, including the M20 and FG loops, show low ΔH°u nfðavgÞ , reflecting facile changes in local flexibility.
The important exceptions were peptides 1 and 8, representing βA and αF. These regions, represented by stiffer behavior and resistance to local changes in protein flexibility at low temperatures, showed significantly larger effects of temperature and higher estimates of ΔH°u nfðavgÞ † . In every instance, enthalpies for local unfolding estimated from HDX measurements were far below the ΔH°for global unfolding of Ec-DHFR (34), which is likely to set the lower limit for the global unfolding of the more stable Bs-DHFR.
Discussion
A major challenge in enzymology is our ability to relate the conformational landscape sampled by a protein to its catalytic function. Hydrogen tunneling has played a major role in linking protein motions to chemical catalysis (25, 26) . In this study, *An alternative analysis to Eq. 2 would be to normalize the weighted enthalpy terms by the number of hydrogens actually exchanged within the experimental temperature range:
However, because n T is very close to the ∑ n i [compare (A þ B) to N in Table S3 ] this analysis yields almost identical results to Eq 2 with greater error. † The probability of being in a locally unfolded state at 70°C can be estimated from P ¼ e −ΔHunf ∕kT , yielding a value of ca. 6% when ΔH°u nf ¼ 2 kcal∕mol vs. ca. 1 × 10 −5 % when ΔH°u nf ¼ 9 kcal∕mol.
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PNAS | June 1, 2010 | vol. 107 | no. 22 | 10077 our methodology of measuring HDX against varying temperatures on a thermophilic enzyme provides a means of assessing values for the enthalpic barriers controlling local unfolding within native proteins. Applying the strategy to Bs-DHFR reveals that regions which support and bridge the cofactor/substrate-binding sites within the protein core are characterized by elevated values for ΔH°u nfðavgÞ that bracket ΔH ‡ for catalysis, in contrast to the small values for ΔH°u nfðavgÞ across the rest of the protein.
The enthalpic barrier controlling protein motions in Bs-DHFR is inherently related to the heavy atom barriers that control the efficiency of hydride transfer from NADPH to DHF. Hydrogen tunneling efficiency can be represented in a modified Marcus equation (termed reorganization) and consists of a vertical coordinate that determines the energy needed to achieve transient degeneracy between reactant and product, together with a horizontal coordinate that represents the adjustment of the distance between the donor and acceptor atoms to one that permits efficient tunneling (ca. 2.7-2.8 Å), (Eq. 3 and refs. 35 and 36) .
Although formally derived in the context of nonadiabatic H-transfer processes, Eq. 3 illustrates the physical parameters that are expected to control hydrogenic wave function overlap. The vertical coordinate is strictly analogous to the Marcus expression for electron tunneling and is represented in the first exponential term of Eq. 3; this contains the sum of the inner sphere and outer sphere environmental reorganization (λ) and the reaction driving force (ΔG°). This first exponential, which will generally be strongly temperature-dependent but only weakly isotopedependent, may be expected to dominate the enthalpic barrier to catalysis. The horizontal component, shown in the second and third exponentials of Eq 3, is defined by the integration of a Frank-Condon wave function overlap term, dependent on the mass (m H ), frequency (ω H ), and distance traveled (r H ) by the tunneling particle, over a family of H-donor/acceptor distances. The latter, third exponential represents an oscillator whose energy (E x ) is dependent on the initial distance between the H-donor and acceptor well as the mass and frequency of the vibrating (distance sampling) protein unit (35, 36) . For a tunneling particle as large as hydrogen, the distance between the H-donor and acceptor can play an important role in wave function overlap, with relatively small changes in the distance between the donor and acceptor atoms having a significant impact on tunneling efficiency. In the course of distance sampling, the reaction barrier is greater for D-than H-transfer, a consequence of the twofold greater mass of the heavy isotope (and its attendant smaller wavelength). This horizontal coordinate, thus, becomes the determinant of the temperature dependence of the KIE. One property that has emerged among a very large number of distinct enzyme classes is a kinetic isotope effect that shows little or no temperature dependence; i.e., an E a ðDÞ ≃ E a ðHÞ (25, 26) . This unexpected property implies a protein active site in which the hydrogen donor and acceptor can approach one another at a distance of ca. 2.7-2.8 Å (37), ca. 0.5 Å shorter than their ground state van der Waals distance. The achievement of such short internuclear distances implies that another type of motion must interface with the barrier introduced by the reorganization term, attributed to extensive sampling of the protein conformational landscape to access the catalytically relevant conformational substates (termed preorganization) (25, 26) .
Previous studies of a thermophilic alcohol dehydrogenase, ht-ADH, have used HDX to yield insight into the relationship of such conformational sampling motions to the reorganization barrier (38, 39) . HDX and kinetic measurements on ht-ADH revealed a temperature transition at 30°C, with the following properties: In the high-temperature regime, the protein showed increased flexibility accompanied by a temperature-independent KIE for hydrogen transfer, whereas in the low-temperature regime, ht-ADH underwent a rigidification, which was accompanied by an increase in the temperature dependence of the KIE. These studies clearly demonstrated a requirement for long-range protein flexibility to achieve a very close approach between active site H-donor and acceptor. They also support a general picture for enzyme-mediated hydrogen tunneling (25, 26) that involves extensive sampling among protein conformational substates with only a small family of substates capable of achieving the very close distances that will support efficient H-tunneling. For native proteins under optimal conditions, the portion of the activation barrier (ΔG ‡ ¼ ΔH ‡ − TΔS ‡ ) that dominates this preorganization process is expected to be TΔS ‡ , representing the probability that a given protein can achieve the family of catalytically enabled conformers.
Our current studies with thermophilic DHFR provide a unique way to linking the energetic barriers that control preorganization and reorganization to the hydride transfer step. Although Bs-DHFR does not display a temperature break in HDX or catalytic properties, as observed for ht-ADH, the HDX measurements provide an ability to estimate apparent enthalpic barriers for changes in local protein flexibility that can be related to enzyme function. The fact that the majority of the peptides interrogated undergo local unfolding with values for ΔH°u nfðavgÞ ≤ 2 kcal∕mol conforms to the expectation of a smooth conformational landscape that prevents the trapping of protein into local energy minima. The contrasting finding of elevated values for ΔH°u nfðavgÞ that are restricted to regions of DHFR that bridge the substrate and cofactor binding sites can be interpreted in the context of the contribution of the reorganization parameter, λ, to Eq 3. We propose that the major portion of this barrier for Bs-DHFR derives from a requisite transient restructuring of the protein's catalytic core, with the catalytic enthalpic barrier of ΔH ‡ ¼ 5.5 kcal∕mol falling between the values of ΔH°u nfðavgÞ of 3.8 (0.6) and 8.9 (1.2) observed in peptides 8 and 1, respectively.
One aspect of these studies is their focus on the apo-form of Bs-DHFR. This was done with the recognition that the binding of NADPH and DHF to Bs-DHFR would afford preferential protection against HDX within the core regions of protein, limiting interpretation of positional differences in protein flexibility. Dynamical studies of other proteins have indicated the presence of similar conformational substates both in the presence and absence of protein ligands, with ligands functioning to shift equilibria rather than to generate unique states (40, 41) . The application of HDX-MS to native state carboxypeptidase B has been reported to lead to undistinguishable exchange when carried out in the presence or absence of the substrate hippuryl-Arg (42) . For the future, it would be of interest to quantify the impact of bound cofactor and substrate on the apparent enthalpies of local unfolding in the peripheral regions of Bs-DHFR, as well as the temperature dependence of HDX-MS in other H-transfer enzymes to see if similar patterns for regional protein unfolding can be discerned.
The model for Bs-DHFR presented is distinct from previous studies of Ec-DHFR, which have proposed a role for motions in the M20 and FG loops as the dominant source of the protein reorganization barrier (7, 8, (43) (44) (45) . In our model of Bs-DHFR catalyzed H-transfer, we attribute the strong temperature-dependent motions needed for reorganization to those found in βA and αF, whereas the motions within the M20 and FG loops that contribute to hydrogen tunneling are ascribed to a low enthalpy conformational sampling process that contributes dominantly to the preorganization process. Maintenance of low enthalpic differences among substates ensures a smooth conformational landscape that prevents the trapping of protein into catalytically nonproductive energy wells (45) . Our findings suggest that the detection of heavy atom motions in the M20 loop of Ec-DHFR, which occur with a rate constant similar to that for catalysis, may represent the accommodation of the protein to downstream intermediate and product complexes (13, 40) , in contrast to functioning as the causative heavy atom motions that control the hydride transfer converting bound NADPH/DHF to NADP þ ∕THF.
Materials and Methods
Cloning and Enzyme Purification. Bs-DHFR was cloned, expressed, purified, and assayed as previously described (14) with minor modifications. Further details are available in SI Text, as are the protocols for circular dichroism spectroscopy.
Hydrogen Exchange (HDX-MS) Measurements. The general protocols for HDX-MS on protein-derived peptides have been described (compare refs. 38 and 46) . The data identifying and confirming the peptide studies are in Table S1 , whereas the more particular experimental conditions are in SI Text.
